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Abstract
We show that for a heavy vector-like quark model with a down type isosinglet, branching ratio for c→ uγ
decay is enhanced by more than O(102) as compared to that in the Standard model when QCD corrections
to next-to-leading order are incorporated. In a left-right symmetric model (LRSM) along with a heavy
vector-like fermion, enhancement of this order can be achieved at the bare (QCD uncorrected) level itself.
We propose that a measurement of the photon polarization could be used to signal the presence of such new
physics inspite of the large long distance effects. We find that there is a large region within the allowed
parameter space of model with vector-like quark with additional left-right symmetry, where depending on
the exact size of the long distance contribution, the photon polarization can be dominantly right-handed.
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I. INTRODUCTION
The direct search for physics beyond the Standard Model(SM) has been unsuccessful thus
far. There have been anomalies in some of the observables in the flavour sector, with deviations
from the SM predictions at the level of few sigma [1]. In fact, the presence of New Physics(NP)
at possibly high scales may very well be deduced only from precision measurements of some
of the rare meson decays. The absence of Flavour changing neutral currents (FCNCs) at the
tree level allows the possibility of virtual new physics particles to be present in the loop level
diagrams that contribute to these processes. Detailed study of rare charm decays was performed in
Ref. [2]. Predictions for these decays in various extensions of the SM including extensions of the
Higgs, gauge and fermion sectors were obtained. Rare charm decays were also recently studied
in Refs. [3–5]. The focus of this study will be the radiative decays of charmed mesons. While
both the inclusive and exclusive radiative B meson decays have been extensively discussed in the
literature, less attention has been paid to the D meson radiative decays as their branching ratios
are expected to be much smaller due to the almost complete GIM suppression.
Moreover, charm radiative decays will be dominated by long distance contributions, which can
hide the presence of new physics particles that may appear in the loop of the short distance penguin
contributions. Nevertheless, in Ref. [6] it was pointed out that a measurement of the difference in
the rates of the exclusive modes, D0 → ργ and D0 → ωγ in which the long distance effects are
expected to cancel, would indicate short distance new physics if the data reveals a difference of
rates which is more than 30%. But in general, due to the large uncertainties in the long distance
contributions, any definite conclusion regarding NP will not be feasible from a measurement of
the radiative decay rates for the inclusive c → uγ case nor for any individual exclusive channel,
unless the NP short distance contribution is larger than that from the long distance effects. In fact,
the possibility of enhancement above the otherwise dominant long distance effects, in presence of
a fourth generation model with large mixing angles of the b′ quark, Uub′Uub′ had been pointed out
in Ref. [7]. Fourth generation models are now inconsistent with the LHC data, however, models
with vector-like charge −1/3 quarks, for which the authors of Ref. [7] claimed that their results
were also applicable, are still viable. In fact, in the last couple of years many detailed studies
of the phenomenology of vector-like quarks and constraints from the flavour sector have been
performed [8–12].
Apart from the enhancement in the decay rate, which will be subject to the relative size of the
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short distance and long distance effects, NP could also be searched through a measurement of the
polarization of the photon produced in the decay. The SM has a robust prediction regarding the
photon polarization in c → uγ decays and hence, a measurement of the photon polarization can
pin down the presence of NP. This had been earlier pointed out for the case of B radiative decays
in Refs. [13, 14]. In the SM, the photons from the short distance (SD) penguin contribution in the
c→ uγ decays will be mostly left handed up to corrections of O(mu/mc). This dominance of left
handed polarization can get masked in the presence of long distance (LD) effects. However, the
fraction of the right polarized photons will vary in different models and may possibly even allow
one to distinguish between different models of NP. We explore the effects of the presence of a
down-type isosinglet vector-like quark model on the c → uγ decay rate, as well as on the photon
polarization for this model with an additional left-right symmetry. The decay rate evaluation
requires an estimation of both the SD as well as LD components, which are described in the
next section. In Sec. III A some details of the down type isosinglet vector-like quark model are
discussed, including the modifications to theWilson coefficients in its presence. Sec. III B contains
a short discussion on LRSM and the results for the bare level SD contributions to the amplitudes
for the emission of the left and right handed photons in this model. Sec. IVA gives our results for
the branching ratios (BR’s) in the SM and in the different NP models. In Sec. IVB we present our
analysis of the polarization function in the LRSM and the LRSM with vector-like quark. Finally
in Sec. V, we conclude.
II. THELONGANDSHORTDISTANCECONTRIBUTIONSWITHINTHESTANDARDMODEL
The long distance contributions being non-perturbative in nature are hard to estimate. The long
distance contributions can come either from pole diagrams or vector meson dominance (VMD)
diagrams. At the quark level, the pole contribution corresponds to the annihilation diagrams
cq1 → q2q3 with a photon attached to any of the four quark lines. They are actually a subset
of a more general class of long distance contributions, which include two-particle intermediate
states and extends up to all higher n-particle intermediate states. Phenomenologically however,
the single-particle or pole terms are the most accessible. The underlying quark processes in the
VMD contributions are c→ q1q2q, followed by q2q → γ. All these long distance effects are rather
hard to calculate from first principles but can be estimated in models. Hence, it is important that
the observables chosen for uncovering short distance NP, have different values from the SM case,
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FIG. 1: The Feynman diagrams for the process c→ uγ.
even in the presence of the large long distance contributions. We provide an updated estimate
for the long distance amplitudes and branching ratios for charm decays following the methods of
Ref. [15] in appendix A.
The amplitude for the flavour changing radiative transitions were first evaluated by Inami and
Lim [16]. As pointed out in Ref. [17], those formulaes need to be appropriately modified for the
case of c → uγ decay. The SM Lagrangian for the processes c → uγ, which arises at the loop
level as shown in Fig.1 is given by,
Lint = −4GF√
2
ASM
e
16pi2
mc (u¯σµνPRc)F
µν , (1)
where the mass of the final quark u has been neglected and PR =
1+γ5
2
. The coefficient ASM is
a function of the internal quark masses and the (QCD uncorrected) contribution to the amplitude
ASM is given by,
ASM =
∑
p=1,2
Qp [V
∗
cbVubGp(rb) + V
∗
csVusGp(rs) + V
∗
cdVudGp(rd)]
=
∑
p=1,2
Qp
∑
q=d,s,b
V ∗ciVuiGp(rq), (2)
where rq =
m2q
M2
W
with mq (q = d, s, b) being the masses of the down-type quarks running in the
fermion loop in the penguin diagrams. The functions Gp, p = 1, 2 defined in [17] are given in
appendix C. Q1 and Q2 are the charges of theW boson emitted from the initial quark in the loop
diagram, and that of the internal quark running in the loop, respectively. The inclusive decay rate
for a c→ uγ process within the SM is given by,
Γ0c→uγ =
αG2F
128pi4
m5c |ASM |2. (3)
This results in the following inclusive BR for the c→ uγ process,
BR(c→ uγ) = 3
4
α
pi
|ASM |2
|Vcs|2I(m2sm2c ) + |Vcd|2I(
m2
d
m2c
)
BR(D+ → Xe+νe), (4)
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which is normalized with respect to the inclusive semi-leptonic BR for D+ decays, to get rid of
the uncertainty in the charm quark mass. The function I is the phase space suppression factor and
is given by,
I(x) = 1− 8x+ 8x3 − x4 + 12x2ln
(
1
x
)
. (5)
In the case of b → sγ decay, up-type quarks flow in the loop and the heavy top quark con-
tribution dominates and induces penguin operators already at the electroweak scale. In contrast,
all the down type quarks are massless compared to the electroweak scale, resulting in no penguin
contribution at this scale within the SM for the case of c→ uγ. However, the presence of a heavy
down type vector-like quark, will result in a non-vanishing penguin contribution at the electroweak
scale. Within the SM, the enhancement of the radiative decay rates in presence of QCD correc-
tions was pointed out in Ref. [15]. While the enhancement was by a factor of two in the case of
b → sγ, it was expected to be more dramatic in the case of charm radiative decays [15, 18]. It is
hence important to write down the weak effective Hamiltonian with all the dimension-6 operators
and calculate the corresponding Wilson coefficients within the renormalization-group improved
perturbation theory which are discussed below.
A. The RG evolution and the coefficient C7eff
The RG evolution of the Wilson coefficients for charm decays in context of the SM to the
next-to-leading order (NLO) in QCD corrections is performed. The calculation for the complete
set of operators relevant for charm decays had previously been done up to NLO in the NDR
scheme [19] and to the next-to-next-to-leading order (NNLO) in the MS scheme [20]. In this
article, we work in the MS scheme since the anomalous dimension matrices at the leading order
(LO) (γˆ0eff ) and at NLO (γˆ
1
eff ) are readily available in Ref. [20]. The short distance evolution of
the Wilson coefficients has to be divided into two steps. The first task is to integrate out the weak
gauge bosons at a scale µ ∼ MW . This is done by calculating the Ci’s at the scale µ ∼ MW
by matching the effective theory with five active flavors q = u, d, s, c, b onto the full theory.
As mentioned earlier, no penguin operators are generated at this point, since all the down-type
quarks (d, s and b) are to be treated as massless [18] and the GIM mechanism is in full effect. The
effective hamiltonian for the scalemb < µ < MW is then given by,
Heff (mb < µ < MW ) = 4GF√
2
∑
q=d,s,b
V ∗cqVuq[C1(µ)Q
q
1 + C2(µ)Q
q
2]. (6)
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Here,
Qq1 = (u¯LγµT
aqL) (q¯Lγ
µT acL) , Q
q
2 = (u¯LγµqL) (q¯Lγ
µcL) . (7)
The effective anomalous dimension matrix γˆeff is calculated in the effective theory with five
flavours. Using this matrix, theCi(MW )’s are evolved down to the scale µ ∼ mb, and theCi(mb)’s
are obtained.
The next step is to integrate out the b quark as an effective degree of freedom at the scale µ ∼
mb. This is accomplished by matching the effective five flavour theory onto the effective theory for
four flavours. This generates the penguin operators with the Wilson coefficients depending upon
MW solely through the coefficients C1,2(mb). The effective hamiltonian at the scalemc < µ < mb
is then given by
Heff(mc < µ < mb) = 4GF√
2
∑
q=d,s
V ∗cqVuq[C1(µ)Q
q
1 + C2(µ)Q
q
2 +
10∑
i=3
Ci(µ)Qi] (8)
where
Q3 = u¯LγµcL
∑
q=u,d,s,c
q¯γµq, Q4 = u¯LγµT
acL
∑
q=u,d,s,c
q¯γµT aq, (9)
Q5 = u¯LγµγνγρcL
∑
q=u,d,s,c
q¯γµγνγρq, Q6 = u¯LγµγνγρT
acL
∑
q=u,d,s,c
q¯γµγνγρT aq, (10)
Q7 = − gem
16pi2
mcu¯Lσ
µνcRFµν , Q8 = − gs
16pi2
mcu¯Lσ
µνT acRG
a
µν . (11)
In all of the above, qL = PLq and PR,L = (1 ± γ5)/2 are the chirality projection operators.
The T a are the generators of SU(3). The Ci’s are the Wilson coefficients which contain the
complete short distance (perturbative QCD) corrections. For the case of radiative charm decays
under consideration here, the operators Q9 and Q10 are not relevant and therefore not shown in the
above list. We will hence consider only the set of Wilson coefficients C1,...,8 which are evolved
down from themb scale to themc scale using the γˆeff matrix now evaluated in the effective theory
with four flavours to obtain the Ci(mc)’s.
Hence, at each order (O), the vector of the Wilson coefficients Ci at the scale µ = mc may be
schematically written as
C
(O)
i (mc) = U
(O)
(f=4)(mc, mb)R
(O)
matchU
(O)
(f=5)(mb,MW )C
(O)
i (MW ) (12)
where f is the number of active flavours at the corresponding scale, R
(O)
match is the matching matrix
between the effective five flavour theory above the scale µ = mb to the effective four flavour
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theory below the scale µ = mb, the index O ={LO, NLO} specifies the order in QCD corrections
at which the corresponding quantities are being calculated and the U’s are the evolution matrices
related to the effective anomalous dimension matrix γˆeff and are discussed in detail below. We
use the formalism given in Ref. [21, 22] to obtain the evolution matrices for LO and NLO. We also
closely follow Ref. [20] in the following discussion.
B. The leading order(LO) evolution
Let us start with the full 8×8 effective anomalous dimension matrix at the leading order (γˆ0eff )
which can be assimilated in parts from [20, 23–25]. It is given in eqn. (B1) in appendix B with the
full dependence on the number of active flavours(f ) and charges(q1, q2) of the internal quark and
the decaying quark.
Now, let V be the matrix that diagonalizes γˆ0
T
eff , so that
V −1γˆ0
T
effV =
[
γˆ
(0)T
effi
]
diag
. (13)
The LO evolution matrix U (0) for evolving the Ci’s down from the scale µ2 to µ1 is then given by
U (0)(µ1, µ2) = V

(αs(µ1)
αs(µ2)
)
−γˆ
(0)
effi
/2β0


diag
V −1 (14)
where αs is the strong coupling constant.
A few comments are in order at this point. It was specified previously that the only operators
relevant for the case of charm decays within the SM, above the scale µ = mb are Q
q
1 and Q
q
2.
Hence, the matrix U (0)(mb,MW ) is essentially a 2×2matrix. The LO values of C1,2(MW ), which
are basically the initial conditions are well known and are given by:
C1(MW ) = 0, C2(MW ) = 1. (15)
Hence we have, for the scalemb < µ < MW
C1(mb)
C2(mb)

 = U (0)(mb,MW )

C1(MW )
C2(MW )

 . (16)
At this point, all the other Wilson coefficients (C3 to C8) are zero. They get their values from
the matching at the scale mb. However, the matching matrix Rmatch = δij to LO and hence, for
the LO evolution, the coefficients C3 to C8 remain vanishing even after the matching procedure.
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The resulting 8 × 1 column vector (C1(mb), C2(mb), 0, 0, 0, 0, 0, 0) is then multiplied with the
8 × 8 evolution matrix U (0)(mc, mb) to obtain the values of the Ci’s at the charm scale. The
renormalization scheme independent Wilson coefficient C7eff relevant for radiative charm decays
is then obtained at LO using the relation
C7eff = C7 +
6∑
i=1
yiCi (17)
where yi =
2
3
{0, 0, 1, 4
3
, 20, 80
3
} [20].
C. The next-to-leading order(NLO) evolution
The NLO expression for the evolution matrix is given by
U (1)(µ1, µ2) = (1 + αs(µ1)J
(1))U (0)(µ1, µ2)(1− αs(µ2)J (1)) (18)
where
J (1) = V H(1)V −1. (19)
V was defined previously in eqn. (13) and the matrixH is defined by
H
(1)
ij = δij γˆ
(0)
eff i
β1
2β20
− G
(1)
ij
2β0 + γˆ
(0)
eff i
− γˆ(0)effj
. (20)
with
G(1) = V −1γˆ
(1)T
eff V. (21)
The expression for the 8× 8 γˆ1 matrix with the complete effective flavour and charge dependence
can again be collected in parts from [20, 23–25]. Due to its large size, we provide the matrix in
two separate 8× 6 and 8× 2 blocks in appendix B (see eqns. B2 and B3).
It is easy to see that one encounters a term of the order of α2s on expanding the expression for
U (1)(µ1, µ2) (eqn. (18)). However, a calculation of the NLO contribution necessarily requires that
all terms higher than the first order in αs be discarded and hence, special care should be taken in
using eqn.(18) for the NLO evolution.
Similar to the case of the LO evolution, the only relevant coefficients above the mb scale are
C1(MW ) and C2(MW ), calculated up to the NLO order this time. The expressions can be found
in [26] and in the MS scheme are given by
C1(MW ) =
15αs(MW )
4pi
, C2(MW ) = 1. (22)
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The coefficients Ci(i = 3, ..., 8) however are non-vanishing after the matching procedure at NLO,
since the matching matrix Rmatch is now defined by
Rmatchij = δij +
αs(mb)
4pi
R
(1)
ij . (23)
The non-zero elements of the matrix R(1) for charm decays being [20]
R
(1)
41 = −R(1)42 /6 = 1/9,
R
(1)
71 = −R(1)72 /6 = 8/81,
R
(1)
81 = −R(1)82 /6 = −1/54. (24)
The full set of NLO coefficients (C1, ..., C8) for the case of charm decays in the SM is then
given by
C(mc) = U
(1)(mc, mb)RmatchC(mb). (25)
where C(mb) is an 8× 1 column vector whose first two elements are C1(mb) and C2(mb) and the
rest are zero. Once the values at the charm scale are obtained, the corresponding value for C7eff
can be obtained from eqn. (17).
III. NEW PHYSICSMODELS
A. Down type isosinglet vector-like quark
The SM contains three generation of quarks, however, the number of generations is not pre-
dicted by the theory. A simple extension of the SM would be to have a chiral fourth generation of
quarks and leptons. Presence of a fourth generation would have a significant effect on the Higgs
sector of the SM and is now ruled out by the Higgs production and decay processes data at the
LHC. However, the so called vector-like quarks, which do not receive their masses from Yukawa
couplings to a Higgs doublet, are consistent with the present Higgs data. They are distinguished
from the SM quarks by their vector coupling to gauge bosons, i.e., both the left handed, ΨL and
right handed,ΨR chiralities of these fermions transform the same way under the SM gauge groups
SU(3)c × SU(2)L × U(1)Y . These exotic fermions occur for example in the grand unified theory
based on E6 [27]. In general these fermions could either be singlets or doublets or triplets under
SU(2)L. Here we consider the case of a down type isosinglet quark. In the SM, the quark mixing
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matrix is a 3×3 unitary matrix which is specified in terms of three angles (θ12, θ13, θ23) and a CP -
violating phase, δ13. A 4× 4 unitary quark mixing matrix is parametrized in terms of 3 additional
angles (θ14, θ24, θ34) and two more CP violating phases, δ14, δ24. In Ref. [12], a chi-squared fit
to many flavour observables was performed to obtain the preferred central values, along with the
errors of all the elements of the measurable 3 × 4 quark mixing matrix. To evaluate the SD con-
tribution of the radiative decay rate in the presence of the vector-like isosinglet quark, the central
values of the mass and mixing angles are obtained from the results of the fit in Ref. [12] are used.
Modified Wilson coefficients in presence of a vector-like quark
Having discussed the evolution of the Wilson coefficients for the SM in full detail we will now
simply specify how the contribution of the vector-like quark model modifies the SM coefficients.
The down-type vector-like quark induces a Z-mediated FCNC in the down-type quark sector.
In Ref. [28] it was pointed out for the case of singlet up type vector like quark, that only the Wilson
coefficients are modified. Similarly for the c→ u transitions that are of interest to us, no new set of
operators are introduced and hence the anomalous dimension matrices along with the coefficients
C1(MW ) and C2(MW ), remain exactly the same as that in the SM, up to NLO.
1
The fundamental difference in this model is that at the electroweak scale, the coefficients C7,8
will not be zero. While the down-type quarks running in the penguin loop in the SM2 can be
treated as massless and hence do not contribute, the vector-like b′ quark, which couples with all
the up-type SM quarks being heavier thanMW will generate a value for the coefficients C7 and C8
at the electroweak scale itself. The values are
C7 =
1
2
(
G1
(
m2b′
M2W
)
− 1
3
G2
(
m2b′
M2W
))
(26)
C8 =
1
2
G2
(
m2b′
M2W
)
(27)
where the functions Gp(r) defined in [17] are given in appendix C.
We have calculated these coefficients in this model for two benchmark values for the mass of
the b′ quark in accordance with [12]. Our results are displayed in Table I. Our values for the
1 However, at the NNLO order, one encounters terms dependent on
m
2
t
M2
W
which arise as a result of integrating out the
top quark as a heavier degree of freedom at the electroweak scale. Since the b′ is also heavier than theW boson,
one needs to integrate it out too at this scale. Hence, at the NNLO level, the expressions forC1(MW ) andC2(MW )
change for this model as compared to SM.
2 The relevant diagrams in the Feynman gauge can be found in [17].
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coefficients in the SM match exactly with Ref. [20] if we use their values for the parameters mt,
mb,MW and µ. We find there is more than an order enhancement in the values of the coefficients
C7eff and C8eff at the NLO level in the case of this vector-like quark model compared to the SM.
However, we should mention here that our NLO results for the NP model are not exact in the sense
that we have not calculated the expressions for these coefficients at the NLO level at theW scale.
The LO results are exact. From the values in Table I it is evident that the dimension six operators
TABLE I: The values of the Wilson coefficients at the charm scale in SM and a heavy vector-like
quark(VLQ) model with the benchmark values of 800 GeV and 1200 GeV for the heavy-quark
mass. We take the mass of the charm quarkmc = 1.275 GeV, the MS mass of the bottom quark
mb = 4.18 and the mass of theW bosonMW = 80.385. The four-loop expression for the strong
constant αs has been used.
Coefficients
LO NLO
SM VLQ VLQ SM VLQ VLQ
mb′ = 800 GeV mb′ = 1200 GeV mb′ = 800 GeV mb′ = 1200 GeV
C1 -1.0769 -1.0769 -1.0769 -0.7434 -0.7434 -0.7434
C2 1.1005 1.1005 1.1005 1.0503 1.0503 1.0503
C3 -0.0043 -0.0043 -0.0043 -0.0060 -0.0060 -0.0060
C4 -0.0665 -0.0665 -0.0665 -0.1015 -0.1015 -0.1015
C5 0.0004 0.0004 0.0004 0.0003 0.0003 0.0003
C6 0.0008 0.0008 0.0008 0.0009 0.0009 0.0009
C7 0.0837 0.3324 0.3276 0.6095 0.2820 0.2778
C8 -0.0582 -0.2259 -0.2253 -0.0690 -0.2197 -0.2192
| C7eff | 0.0424 0.2911 0.2863 0.0119 0.2159 0.2117
O1,...,6 do not mix with the dimension five operators O7,8 (a fact that is well known and clear from
the form of the anomalous dimension matrices).
B. Left-right symmetric model
The minimal Left Right symmetric model is based on the gauge group SU(3)c × SU(2)L ×
SU(2)R × U(1)B−L [29–31] with the fermions represented as doublet representations of SU(2)L
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and SU(2)R. The electric charge Q and the third components of the weak isospin I3L and I3R
are related as Q = I3L + I3R +
B−L
2
. To ensure perturbative interactions between right-handed
gauge boson and fermions, ζg =
gR
gL
(where the gR and gL are the right and left handed couplings
respectively) should not be large. As in the low energy weak interaction L-R symmetry is broken,
in general gL 6= gR. Direct search results impose the the bound ζgMW2 > 2.5 TeV [32, 33]. In
order to generate active neutrino mass through see-sawmechanism, vR should be in the TeV range.
All these constraints result in the range for ζg being [0, 2]. The charged gauge bosonWL andWR
are mixture of the mass eigenstatesW1 andW2, with a mixing angle ζ restricted to lie in the range
[0, 10−3] [34, 35].
The effective lagrangian given in eqn. (1) (for SM) may now be written for the case of LRSM
as,
Leff = − eGF
4
√
2pi2
[Au¯σµνRcFµν + Bu¯σµνLcFµν] (28)
where A and B are the bare SD contributions to cL and cR respectively and are given by [36]
A =
∑
ℓ
{
Q1
(
Mcos2ζλLLℓ G
LL
1 +mζ
2
g sin
2ζλRRℓ G
RR
1 +mℓζgsinζcosζe
iφλLRℓ G
LR
1
+mℓζgsinζcosζe
−iφλRLℓ G
RL
1
)
+Q2
(
Mcos2ζλLLℓ G
LL
2 +mζ
2
g sin
2ζλRRℓ G
RR
2
+mℓζgsinζcosζe
iφλLRℓ G
LR
2 +mℓζgsinζcosζe
−iφλRLℓ G
RL
2
)}
(29)
B =
∑
ℓ
{
Q1
(
mcos2ζλLLℓ H
LL
1 +Mζ
2
g sin
2ζλRRℓ H
RR
1 +mℓζgsinζcosζe
iφλLRℓ H
LR
1
+mℓζgsinζcosζe
−iφλRLℓ H
RL
1
)
+Q2
(
mcos2ζλLLℓ H
LL
2 +Mζ
2
g sin
2ζλRRℓ H
RR
2
+mℓζgsinζcosζe
iφλLRℓ H
LR
2 +mℓζgsinζcosζe
−iφλRLℓ H
RL
2
)}
. (30)
For the case of c → uγ decays, Q1 = 1, Q2 = −1/3,M = mc and m = mu. λl’s are the
CKM factors, λLLℓ = V
∗L
cℓ V
L
ℓu, λ
RR
ℓ = V
∗R
cℓ V
R
ℓu , λ
LR
ℓ = V
∗L
cℓ V
R
ℓu , λ
RL
ℓ = V
∗R
cℓ V
L
ℓu. The mass of the
down-type quarks running in the penguin loop is represented byml. The functionsG
ij
p andH
ij
p for
p = 1, 2 and i = j = L are given in Ref. [17]. Gp is also included in appendix C. The i = j = R,
i = L, j = R and the i = R, j = L counterparts relevant for the LRSM are explained in detail
in Ref. [36]. We calculate the SD contributions A and B only at the bare level. For the c → uγ
decays in the LRSM model, the operator basis with and without the heavy vector-like quark now
consists of 20 operators. They are the 8 operators described in sec. II A which contribute to A
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along with the following two operators,
Qq9 = (u¯LγµT
aqL) (q¯Rγ
µT acR) , Q
q
10 = (u¯LγµqL) (q¯Rγ
µcR) , (31)
which are the left-right analogues of Qq1 and Q
q
2. 10 more operators with the chiralities of these
operators flipped, contribute to B. Since the strong interactions preserve chirality, these two sets of
operators with different chiralities do not mix with each other and the RG group mixing of the two
sets are the same. However, the additional operators require an additional γ4×4 which although
present in the literature for radiative b decays [34], is not available for the case of the radiative
charm decays. Hence incorporating the QCD corrections for the LRSM case, is beyond the scope
of this work.
IV. RESULTS AND DISCUSSIONS
A. Branching ratios in the SM and for the NP models
The inclusion of QCD corrections result in an enhancement of the coefficient ASM (defined
in eqn. 2) from O(10−7) at the bare (QCD uncorrected) level to O(10−6) at the LO and O(10−3)
at the NLO level. At the LO, the contributions from the intermediate d and s quarks differ only
in the CKM factors V ∗cdVud and V
∗
csVus. Their sum, using unitarity is −V ∗cbVub, leading to a large
suppression in the amplitude. At the NLO, the functional dependence of the amplitudes on the s
and d quark masses becomes substantial and hence the net amplitude is no longer just the sum of
the CKM factors. In fact, since V ∗csVus = −V ∗cdVud, this results inASM ∝ V ∗csVus[f(msmc )2−f(mdmc )2],
where the function f [18] is given by:
f(x) =− 1
243
((3672− 288pi2 − 1296ζ3 + (1944− 324pi2)lnx+ 108ln2 x+ 36ln3 x)x+ 576pi2x 32
+ (324− 576pi2 + (1728− 216pi2)lnx+ 324ln2 x+ 36ln3 x)x2 + (1296− 12pi2 + 1776lnx
− 2052ln2 x)x3)− 4pii
81
((144− 6pi2 + 18lnx+ 18ln2 x)x+ (−54− 6pi2 + 108lnx+ 18ln2 x)
x2 + (116− 96lnx)x3). (32)
Hence, the coefficient ASM at LO and NLO is given by,
ASMLO = −V ∗cbVubCLO7eff ASMNLO = V ∗csVusCNLO7eff . (33)
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TABLE II: The values for | A | and the inclusive c→ uγ BR in the SM and vector-like
quark(VLQ) model. For the vector-like quark model, the values have been calculated for the
benchmark valuesm′b = 800 GeV and 1200 GeV.
QCD corrections
| A | BR(c→ uγ)
SM VLQ VLQ SM VLQ VLQ
mb′ = 800 GeV mb′ = 1200 GeV mb′ = 800 GeV mb′ = 1200 GeV
Bare 2.73 × 10−7 2.49 × 10−5 2.35 × 10−5 2.04 × 10−17 1.70 × 10−13 1.51 × 10−13
LO 5.89 × 10−6 4.32 × 10−5 4.25 × 10−5 9.48 × 10−15 5.11 × 10−13 4.94 × 10−13
NLO 2.61 × 10−3 4.46 × 10−2 4.37 × 10−2 1.86 × 10−9 5.46 × 10−7 5.23 × 10−7
Note that | C7eff | itself is not enhanced at NLO compared to LO within the SM as is evident from
the values in Table I, rather the different CKM coefficients appearing in ASMLO and A
SM
NLO result in
the enhancement of the coefficient ASM at the NLO level.
Since the vector-like quark b′ generates a non-vanishing value for the coefficients C7 and C8 at
the electroweak scale itself, its presence results in an increased magnitude of C7eff as can be seen
in Table I. This results in the BR enhancement by 2 orders of magnitude in the vector-like quark
model at NLO compared to that in the SM. The values for | A | and the corresponding BR’s for the
QCD uncorrected, LO and NLO corrected contributions for SM and the vector-like quark model
(withm′b = 800, 1200 GeV) are given in table II.
Table III shows the bare level BR’s for the LRSM as well as LRSM with a heavy vector-like
quark model. Comparing with the bare level BR’s from Table II, it is evident that for LRSM alone
an enhancement of O(102) to O(106) is feasible, depending on the values of the parameters of
LRSM, compared to the SM. LRSM along with vector-like quark can enhance the BR by even
upto O(1010).
For the SM (vector-like quark model), the enhancement of the BR from the bare level to that
with QCD corrections at NLO level is O(108) (O(106)). For the case of LRSM with vector-like
quark, QCD corrections are expected to lead to similar large enhancement. Even if the enhance-
ment from these corrections is considerably less (∼ O(104)), the QCD corrected SD contribution
from the LRSM with vector-like quark could result in BR’s much larger than that from the LD
effects. This enhancement could possibly point towards the presence of such a NP.
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TABLE III: Branching ratios for the LRSM model without and with contribution from heavy
vector-like quark(VLQ). The Branching ratio is expressed as a function of ζ , ζg and θ12 (for
LRSM) and of ζ , ζg, θ12, θ14, θ24 and θ34 (for LRSM+VLQ). The corresponding parameters are
varied to determine the maximum and minimum values.
Model BR
LRSM Max 1.96 × 10−11
Min 0.67 × 10−15
LRSM+VLQ (800 GeV) Max 4.65 × 10−8
Min 1.69 × 10−13
LRSM+VLQ (1200 GeV) Max 0.96 × 10−7
Min 1.42 × 10−13
B. Photon polarization as a probe for new physics
Within the SM, in the penguin diagram responsible for the c → uγ process only left-handed
components of the external fermions couple to the W boson. A helicity flip on the c quark leg,
proportional tomc, contributes to the amplitude for the emission of left polarized photons, while,
that on the u quark leg, proportional tomu, results in right polarized photons.
In the LRSM since the physical W1 boson couples to both left and right handed quarks, a
helicity flip is also possible on the internal (d, s, b) quark lines and will result in additional left
handed photons with an amplitude involving a new coefficient function and proportional to mbζ
and similarly there will be additional right-handed photons proportional to mbζ . In the presence
of a vector-like quark, each of these contributions will be proportional tomb′ζ .
In analogy to Ref. [14], we define the photon polarization for the inclusive process c→ uγ as
λγ =
|cR|2 − |cL|2
|cR|2 + |cL|2 , (34)
where cR, cL denote the amplitudes for the right and left polarized photons in the process.
For the SM, since the SD contributions to cR are negligible (O(mu) suppressed), if one only
includes the SD contributions to estimate λγ , its value would be−1. However, the exclusive decay
modes corresponding to the c → uγ process are dominated by LD contributions. To account
for these we add the values of the pole type and VMD amplitudes of all the exclusive processes
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(given in appendix A). Due to uncertainty in the sign of the VMD contributions, the long distance
amplitudes can lie in the range (2.08 × 10−9 − 8.78 × 10−7) GeV−1. Since the LD amplitude
does not have any preferred polarization, it contributes equally to both cR and cL. This results
in an almost vanishing value of λγ ∼(O(10−8 − 10−5)) within the SM. This is in contrast to the
b → sγ case [14], where the LD contributions are less significant, and hence the λγ value is −1
in SM. Without LR symmetry, an isosinglet vector-like quark can only couple to WL and hence
its addition will only enhance the left handed polarized amplitude. For this case we find that in
presence of LD contribution, λγ lies in the range −6.1 × 10−6 to −2.6 × 10−3. The bare SD
contributions to the | cR | and | cL | amplitudes within the LRSM are given by eqns. (29) and (30).
Here again the LD contribution is appropriately added to | cR | and | cL |.
Since the minimal LRSM models with an exact symmetry between the left and right handed
sectors are becoming harder to realize, we use a right handed mixing matrix which is distinct from
the left handed CKM matrix. To decrease the number of parameters, we take the right-handed
CKM matrix to be, 

cos θ12 sin θ12 0
− sin θ12 cos θ12 0
0 0 1

 . (35)
This parametrization of the right handed CKMmatrix is inspired by Ref. [35, 37]. The CP violating
phases have been taken to be zero and θ13 = θ23 = 0, where θij is the mixing angle between the
ith and jth generations. The photon polarization can be expressed as a function of ζ , ζg and θ12.
We vary the parameters ζg and ζ within their allowed ranges (0 ≤ ζg ≤ 2 and 0 ≤ ζ ≤ 10−3) and
look for the θ12 values for the maximum deviation of the polarization from its SM value of ≈ 0.
For the case of the LRSM with a heavy vector-like quark b′, there are three additional parameters
(θ14, θ24, θ34), which are also chosen to get the maximum deviation of λγ from its SM value.
The contour plots for the variation of λγ for LRSM with no LD contribution and LRSM with
LD amplitude of 2× 10−9 GeV−1 are shown in Fig. 2. As seen in Fig. 2(a), for very small values
of ζ and ζg, LRSM approaches the SM and hence in absence of long distance contribution, the
polarization is left handed (λγ = −1), however as the parameters ζ and ζg increase, the polarization
value changes from -1 to +1. This picture completely changes in the presence of the long distance
effects, shown in Fig. 2(b). Left and right pannels of Fig. 3 show the λγ contours for LRSM with
an isosinglet down type vector-like quark of mass 800 GeV and 1200 GeV respectively, with LD
amplitudes (in units of GeV−1) of 2 × 10−9 , 1 × 10−8 and 8 × 10−8, corresponding to the top,
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(a) (b)
FIG. 2: Contour plots showing the variation of the polarization λγ as a function of ζ and ζg for LRSM
with no LD contribution on left and LRSM with LD amplitude of 2× 10−9 GeV−1 on right. For both the
cases, the right-handed CKM elements are set for maximum deviation of the polarization function from its
SM value. The bar-legends for the different contours of λγ are displayed along with the respective figures.
Here 0 < ζ < 10−3 and 0 < ζg < 2.
middle and bottom rows. At the lower end of the range estimated for the LD amplitude, in a
model with a vector like quark along with LRSM, polarization can be large, even +1 as both ζ and
ζg approach their maximum values. If the LD contributions are larger ∼ 1 × 10−8 GeV−1, the
maximum polarization value is ∼ 0.5, which further reduces to 0.05 for LD amplitude of 8×10−8
GeV−1.
On the experimental side, branching ratios of some of the radiative decays of the D0 meson
have been measured by the Belle collaboration [38],
BR
(
D0 → ρ0γ) = (1.77± 0.3± 0.07)× 10−5,
BR
(
D0 → φγ) = (2.76± 0.19± 0.10)× 10−5,
BR
(
D0 → K∗0γ) = (4.66± 0.21± 0.21)× 10−4.
If the LD contribution is at its lower limit, then the measured BR(D0 → ρ0γ) can allow some
enhancement from the NP SD contribution, on the other hand, the upper limit of LD saturates
the observe BR. The measured BR(D0 → φγ) also allows some NP SD contribution. The upper
limit for BR(D0 → ωγ) is 2.4 × 10−4 [39] and cannot be saturated by the SM contribution.
Also, recently an observation of the photon polarization in the b → sγ transition was reported
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(a) (b)
(c) (d)
(e) (f)
FIG. 3: Contour plots showing the variation of the polarization λγ as a function of ζ and ζg. The left
panels show the plots for LRSM with a VLQ of mass 800 GeV, while the right panels display the plots for
LRSM with a VLQ of mass 1200 GeV. The LD amplitudes(in units of GeV−1) are 2× 10−9, 1× 10−8,
and 8× 10−8, for the top, middle and bottom rows respectively. For all the cases, the right-handed CKM
elements are set for maximum deviation of the polarization function from its SM value. The bar-legends
for the different contours of λγ are displayed along with the respective figures. Here 0 < ζ < 10
−3 and
0 < ζg < 2.
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by LHCb [40]. Photon polarization is obtained by the angular distribution of the photon direction
with respect to the plane defined by the momenta of the three final-state hadrons in their centre
of mass frame. A similar technique could be used to measure the photon polarization for the case
of D → ωγ, since the decay of ω into three pions will permit the measurement of an up-down
asymmetry between the number of events with photons on either side of the plane. For the model
with left-right symmetry and a vector-like quark, the enhancement in the BR(c → uγ), as well
as the photon polarization value being different from that of the SM, should be reflected in the
exclusive modes as well, although the results may be weaker. All the form factors required to
estimate the exclusive BR’s are neither available from experimental data nor yet extracted from
lattice calculations. Hence, we do not attempt to calculate the exact BR’s for specific exclusive
modes. Very recently exclusive radiative charm decays have been studied [41] in heavy quark and
hybrid formalism.
V. CONCLUSIONS
Charmed decay modes including radiative ones are expected to be plagued by long distance
contributions. For the SM, NLO QCD corrections enhance the short distance c → uγ branching
ratio by about O(108). Further enhancement of the branching ratio is possible in various new
physics models. We show that for certain values of the parameter space, an enhancement by even
up toO(1010) is possible in a left-right symmetric model with a down type vector-like singlet quark
at the bare level. This could be enhanced further by many orders of magnitude after incorporating
QCD corrections, enabling the short distance branching fraction to be possibly even larger than the
long distance contribution. Such an enhancement could signal the presence of physics beyond the
SM. However, the uncertainty in the size of the long distance contributions, may not allow this to
be easily feasible. Nevertheless measurements of branching ratios of all possible charm radiative
modes should be made. A clearer signature of new physics could be obtained by measurement of
the photon polarization, for eg. for the radiative D → ωγ mode via a technique similar to that
used recently by LHCb [40] for the b→ sγ case. We find that for a large region of the parameter
space for the vector-like quark model with left-right symmetry, the photon polarization can be
right handed. For the modes D → K∗γ, ργ the photon polarization could possibly be determined
by looking at the photon conversion to e+e− [42].
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Appendix A: The long distance contributions
TABLE IV: The pole-I, pole-II and VMD amplitudes and the exclusive radiative branching ratios.
Mode APC(10−8) APV (10−8) B.R.
P-I P-II VMD P-I VMD
D+s → ρ+γ 7.07 ±8.36 ±11.5 (4.7-13)×10−4
D+s → b+1 (1235)γ 6.19 4.9 × 10−5
D+s → a+1 (1260)γ 10.4 1.4 × 10−4
D+s → a+2 (1320)γ 18.2 9.4 × 10−5
D+s → K∗+γ 2.30 ±1.44 ±2.22 (1.6-5.4)×10−5
D+s → K∗+(1430)γ 5.15 3.6 × 10−6
D+s → pi+2 (1670)γ 7.62 5.4 × 10−7
D+ → ρ+γ -1.30 0.74 ±1.85 ±2.34 (4.2 − 6.7) × 10−5
D+ → K∗+γ ±0.46 ±0.6 2.7 × 10−6
D+ → b+1 (1235)γ -1.13 2.4 × 10−6
D+ → a+1 (1260)γ -1.91 6.8 × 10−6
D+ → a+2 (1320)γ -3.36 3.2 × 10−6
D+ → pi+2 (1670)γ -1.40 5.6 × 10−9
D0 → K∗0γ -5.21 ±3.62 ±4.77 (4.6-18)×10−5
D0 → K1(1270)γ -0.016 1.6× 10−10
D0 → K1(1400)γ -0.038 4.7× 10−10
D0 → K∗(1410)γ -0.018 1× 10−10
D0 → ρ0γ 1.36 ±1.05 ±1.46 (5.12-18)×10−6
D0 → ωγ -0.703 ±0.897 ±1.20 (3.2-9)×10−6
D0 → φγ 0.318 ±0.956 -0.428 ±1.32 (4.8-6.4)×10−6
In table IV we display the results for the calculation of the long-distanceD → V γ amplitudes.
The individual numbers for type-I pole and VMD contributions are shown separately along with
the branching ratios. These results are essentially an update of the results in Ref. [15] using the
same techniques. The major updates are:
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• Inclusion of new modes like D+s → pi+2 (1670)γ, D+ → pi+2 (1670)γ, D0 → K1(1270)γ,
D0 → K1(1400)γ,D0 → K1(1410)γ in the type-I pole amplitudes.
• Updated form factors taken from Ref. [43] used in calculating the VMD amplitudes.
• Updated V → P (vector-pseudoscalar) and T → P (tensor-pseudoscalar) decay widths
from Ref. [39] used for the evaluation of the couplings hV γP and hTγP respectively for the
type-I pole amplitudes.
• Inclusion of η − η′ mixing in calculating the type-I D0 → ρ0γ, D0 → ωγ and D0 → φγ
amplitudes. The corresponding mixing angles and decay constants have been obtained from
Ref. [44].
• Inclusion of the parity-violating (PV) part for the D0 → φγ type-I pole amplitude. The
decay constants for the corresponding scalars involved have been taken from Ref. [45] for
f0(980) and [46] for a0(980) respectively.
• The decay constants are taken from Ref. [47] for the light vector mesons and from Ref. [39]
for the light pseudoscalar mesons. For the decay constants of the D∗ and D∗s mesons, we
use Ref. [48].
We have only calculated the type-II pole contribution to the modeD+ → ρ+γ. This is because:
• The corresponding decay widths for D∗s → Ds and D0∗ → D0 essential for calculating
the type-II pole contributions to the Ds and D
0 decay modes respectively are only given as
limits in Ref. [39].
• For decay modes of D+ other than ρ+γ (for eg. b+1 (1235)γ, a+1 (1260)γ etc.), the corre-
sponding decay constants for the final state particles are not available.
Appendix B: The LO and NLO anomalous dimension matrices
We provide the effective anomalous dimension matrix in the MS scheme in this appendix. For
the case of charm decays we have q1 = −1/3, q2 = 2/3 and q¯ = q1 − q2. While evolving the Ci’s
down from the MW to the mb scale, one has to make the assignments n = 3 and f = 5. For the
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corresponding evolution from the mb to the mc scale, the values are n = 2 and f = 4. At the LO
level, it is given by
γˆ0eff =


−4 8
3
0 −2
9
0 0 −4q1
3
− 8q2
81
173
162
12 0 0 4
3
0 0 8q1 +
16q2
27
70
27
0 0 0 −52
3
0 2 176q2
27
14
27
0 0 −40
9
4f
3
− 160
9
4
9
5
6
(
16f
27
− 88
81
)
q2
74
81
− 49f
54
0 0 0 −256
3
0 20 6272q2
27
36f + 1736
27
0 0 −256
9
40f
3
− 544
9
40
9
−2
3
48nq¯ +
(
1456f
27
− 3136
81
)
q2
160f
27
+ 2372
81
0 0 0 0 0 0 32
3
0
0 0 0 0 0 0 32q2
3
28
3


. (B1)
At the NLO level, due to its large size, we present the matrix in 8× 6 and 8× 2 blocks. It reads
γˆ1
8×6
eff =


16f
9
− 145
3
40f
27
− 26 −1412
243
−1369
243
134
243
− 35
162
20f
3
− 45 −28
3
−416
81
1280
81
56
81
35
27
0 0 −4468
81
−52f
9
− 29129
81
400
81
3493
108
− 2f
9
0 0 368f
81
− 13678
243
1334f
81
− 79409
243
509
486
− 8f
81
13499
648
− 5f
27
0 0 −160f
9
− 244480
81
−2200f
9
− 29648
81
16f
9
+ 23116
81
148f
9
+ 3886
27
0 0 77600
243
− 1264f
81
164f
81
− 28808
243
400f
81
− 20324
243
622f
27
− 21211
162
0 0 0 0 0 0
0 0 0 0 0 0


(B2)
γˆ1
8×2
eff =


(
2f
27
− 374
27
)
q1 +
(
64f
729
− 12614
729
)
q2
431f
5832
+ 65867
5832(
136
9
− 4f
9
)
q1 +
(
2332
243
− 128f
243
)
q2
10577
486
− 917f
972
−112nq¯
3
− (4720f
243
+ 97876
243
)
q2
42524
243
− 2398f
243(
−32f2
243
+ 4448f
729
+ 70376
729
)
q2 − 140nq¯9 −253f
2
486
− 39719f
5832
− 159718
729
−3136nq¯
3
− (188608f
243
+ 1764752
243
)
q2 −14f 2 + 140954f243 + 2281576243(−56f
3
− 1136
9
)
nq¯ −
(
5432f2
243
− 232112f
729
+ 4193840
729
)
q2 −6031f2486 − 15431f1458 − 3031517729
1936
9
− 224f
27
0(
368
3
− 224f
27
)
q2
1456
9
− 61f
27


(B3)
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Appendix C: The functions Gp
In this appendix, we provide the form of the Gp functions mentioned in sections III A taken
from Ref. [17].
Gp(r) =
∫ 1
0
dx
∫ 1−x
0
dy
1
Λp(r, x, y)
gp(r, x, y) (C1)
where p = 1, 2 and
Λ1(r, x, y) = 1− x+ rx− rixy − rfxz
Λ2(r, x, y) = x+ r(1− x)− rixy − rfxz
g1(r, x, y) = 1− x+ z + y(1− 2x) + rx(1− y)− rfxz
g2(r, x, y) = −2x(1− y) + r(−1 + x+ xy) + rfxz. (C2)
In the above, ri = m
2
c/M
2
W , rf = m
2
u/M
2
W and r = m
2/M2W with mc, mu andMW denoting the
masses of the charm quark, up quark and the W-boson respectively. The m stands for the masses
of the down-type quarks running in the fermionic penguin loop for a c → uγ transition. Hence,
for the SM m = (md, ms, mb) and for the vector-like quark model m = (md, ms, mb, mb′) with
md,ms,mb andmb′ standing for the masses of the d, s, b and b
′ quarks respectively.
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